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Introduction

Fluorescence microscopy has become a widely used tool within all natural sciences and is a pow-
erful technique for the study of cells, tissues but also polymers, organic and inorganic materials.
Here, engineered luminescent materials are used as molecular probes reporting on the structure,
dynamics and chemical properties of the sample.

During the last decades the optical detection of single molecules has become possible and
is nowadays used to determine the position, translational motion and conformational dynamics
of single biomolecules, examples include movement of single motor proteins®3, diffusion of lipid
molecules in membranes®™ RNA folding and catalysis®® and the transport of molecules or
ions across the membrane both in vivo® and in vitro®™. Where ensemble techniques yield an
average value of an observable, the study of single molecules reveals the complex behavior
and heterogeneity of biomolecules. These techniques provide an unprecedented insights into
the working mechanism of macromoleculesm, even with a resolution that exceeds that of
conventional light microscopy (super-resolution microscopy)m. In 2014 the "Nobel Prize for
Chemistry” was awarded for the development of super-resolved fluorescence microscopy, allowing
to overcome the physical diffraction limit of light (< 250 nm), via use of luminescent materials.

The rapid developments in the use of fluorescent techniques were accompanied by simi-
lar progress in the design of the fluorescent probes, i.e., distinct photophysical and chemical
properties of the probes. Especially, with the progress of detectors and optics reaching high de-
tection efficiencies, future advancements in fluorescence microscopy currently depend on further

improvements of the fluorescent probes.

Fluorescent labels

In fluorescence microscopy, the emission of luminescent labels is detected down to the sensitivity
of single molecules via the absorption and subsequent emission of a photon. Although natural
macromolecules contain fluorescent sources such as aromatic amino acids (for example trypto-
phan, tyrosine and phenylalanine), most proteins and nucleic acids do not show considerable
fluorescence due to their low absorption cross-section, quantum yield (< 0.01 - 0.35) and pho-
tostability. Their weak UV emission is not useful for sensitive fluorescence detection down to
the single molecule level. Only natural chromophores such as green fluorescent protein®81? are
actually suitable for single molecule detection.

The most commonly used labels in biophysics that are attached to the molecules of interest are
fluorescent proteins™19 quantum dots2%2L and organic fluorophoresT2I4I52223  These "extrin-
sic" fluorescent labels have the advantageous that they can be tuned in absorption and emission
properties across the visible spectrum, ranging from the near-ultraviolet intro the near-infrared.
Ideally, these fluorescent probes have high molar absorption coefficients (> 10* M-!.cm™!), quan-
tum yields (> 0.1), and show a bright and fluorescent signal over longer time periods. In the end
the interpretation and quality of fluorescent signals is directly linked to the number of available

10 | Introduction



photons, limitating signal to noise ratio and observation time.

Fluorescent proteins have revolutionized biological (live) cell imaging. They are small with a
typical size of ~2.5-4 nm (25-30 kDa). They can be genetically encoded fluorescent and used for
single molecule and super-resolution microscopy applications. Green fluorescent protein (GFP) is
most known™ with a structure characterized as a rigid 11-sheet beta-barrel with a center helix.
Inside this center helix the chromophore 4-(p-hydroxybenzyliden)-5-imidazolinone is formed from
a tripeptide™®. Despite, ongoing efforts to improve the physical and chemical properties of
fluorescent proteins they rather show poor photophysical properties, intrinsic signal fluctuations
in the fluorescent emission (blinking) resulting in low brightness and fast photodegradation2#%50.

On the contrary, quantum dots (semiconducting materials) exhibit a high quantum yield, nar-
row emission spectrum complemented with a broad excitation spectrum and high photostability
making them particularly useful for long-lasting fluorescence experiments?2, Quantum dots
are, however, rather large (~10-100 nm) especially when made water-soluble. Consequently,
interference with biological function and toxicity to cells limits their use; nevertheless they are
particularly useful for single molecule particle tracking. On/off transitions in the fluorescent
emission of quantum dots are characterized332 and efforts have been made to synthesize a
non-blinking quantum dot3Z,

Synthetic organic fluorophores are among all available fluorescent labels a popular choice
and they have become a major driving force for the recent success of fluorescence-based meth-
0dsT2233 - Synthetic organic fluorophores are characterized by conjugated alternating single and
double bonds (Figure . Most importantly, the size of organic fluorophores is considerably
smaller (~1-2 nm) than fluorescent proteins and quantum dots, thereby showing minimum influ-
ence on the system of interest. A variety of different organic fluorophores exist (Figure, with
specific physical and chemical properties. Labeling of biochemical targets is realized by linking
chemistry using different reactive functional groups. Additionally, great efforts have been made
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Figure 1.1 | Typical classes of organic fluorophores used in single-molecule studies: carborhodamines
(ATTO647N), cyanines (Cy3 and Cy5), rhodamines (RhodamineB), oxazines (ATTO655), perylenes and BOD-

IPYs (general core structures shown).
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to allow use of organic fluorophores inside (living) cells3456,

Especially single molecule fluorescence and super-resolution techniques pose stringent de-
mands on the organic fluorophores which are pushed to the limit of their physical and chemical
properties, that is, being water soluble, chemically inert and stable emission. However, as for all
labels discussed here, synthetic organic fluorophores intrinsically suffer from transient excursions
to dark states ("blinking") causing signal fluctuations. Fast irreversible destruction (”photo-
bleaching") results in a limited observation window of the system of interest and is another
major problem for synthetic organic fluorophores?223. Both blinking and photobleaching have

various origins but are influenced heavily by the presence of oxygen and photoinduced electron
transfer reactions2237-40,

Intrinsic signal fluctuations and photobleaching of organic flu-
orophores

Photophysical and -chemical processes of synthetic organic fluorophores start in the electronic
ground state of a fluorophore, referred to as S, (Figure . Sp has an anti-parallel spin
configuration giving rise to the singlet nature. Light of appropriate wavelength (A\ox = hv)
stimulates transitions to higher electronic states (S,). For light with appropriate energy, a
transition from the singlet ground state (Sp) to the first excited singlet state (S;) takes place
(Figure rate k), via fast photon absorption and excitation is (~107'5 s). Due to this fast
electronic transition, which is faster than nuclear motion, the “frozen” nuclei (Frank-Condon
principle) equilibrates via vibrational relaxation (rate k) into the vibrational ground state of
S; on the picosecond timescale ~107'? s

A fluorophore residing in the first excited state can return to the singlet ground state via
different processes. Either via a non-radiative process called internal conversion (rate textitkic,
Figure , transferring the excess energy to populate vibrational states of the S, state as heat
to the solvent molecules. Alternatively, conversion from the first excited singlet state S; to the
singlet ground state with the joint emission of a photon (fluorescence) can occur (rate kg, Figure
. Typically, fluorescence results in the emission of a photon of lower energy (A = hv <
Aex, Stokes shift)). Fluorescent lifetimes are on timescales on the order of nanoseconds (10719
- 107 s). The efficiency of absorption and emission of photons depends on the intensity
of the excitation (/) light and the absorption coefficient of the organic fluorophore. The ratio
between the number of emitted and absorbed photons is called fluorescence quantum yield.

If this process is repeated a single molecule will emit continuously. However, besides a (non-
)radiative conversion from the single excited state to the singlet ground state, a spin forbidden
transition to the triplet manifold can occur. The triplet state (T;) is populated via a process
called inter-system crossing (rate kisc, Figure[1.2). The inter-system crossing rate, kisc, for
organic fluorophores is typically low (quantum yield < 0.01). Triplet states typically show a
lifetime on the order of micro- to milliseconds (107 - 10® s). The decay of the triplet state can
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occur via different processes; a non-radiative process or conversion with the concomitant emission
of a photon called phosphorescence. Since, phosphorescence is a spin forbidden transition it
occurs on time scales much longer than fluorescence and does not contribute to the overall
emission signal. Transitions into the triplet state are therefore seen as on/off transitions in the
emission of a single molecule (triplet-blinking).

Effectively, the triplet state can be considered as a non-fluorescent state with a long lifetime.
Due to the chemical nature with two unpaired electrons and the excess energy makes that the
triplet state is chemically reactive, such as electron transfer reactions (redox reactions) yielding
radicals (F~ and F'+, both dark states, Figure . From the radical states the molecule
can either return to the singlet ground state via complementary redox reactions or towards a
photobleached product (P, rate kp, Figure. This significantly reduces the observation times
of the fluorescence of organic fluorophores (photobleaching).

Photobleaching can occur via various chemical pathways and remains a complicated phe-
nomenon to be understood. The following section explains different possible photobleaching
pathways catalyzed by oxygen. Molecular oxygen has a triplet ground state (*02) and is present
at millimolar concentrations (~0.3 mM)24#2#4 in aqueous buffer systems and it is one of the
major causes for photobleaching of organic fluorophores (Figure . Energy transfer from the
triplet state towards oxygen via triplet-triplet annihilation leads to the formation of excited sin-
glet oxygen (102) and the fluorophore in the ground state (rate ko,, Figure . Additionally,
molecular oxygen can directly react with the triplet state of the fluorophore causing an electron

On-state/Fluorescence Triplet and Redox dark states

Figure 1.2 | Jablonski diagram of the underlying photophysical description of a synthesis organic fluorophore. Sy
is the ground state of the fluorophore; S; is the first excited singlet state; S,, are higher order excited singlet
states; Ty is the first excited triplet state; T, are higher order excited triplet states F't is the cationic radical

state; F'~ is the anionic radical state; P is the photobleached state.

Intrinsic signal fluctuations and photobleaching of organic fluorophores | 13



Figure 1.3 | Photooxidation of S-SO dye via and initial 102 attack.(Figure adapted from Toutchkine et al.)

transfer reaction with the joint formation of a radical cation of the fluorophore and a radical
superoxide. Both oxygen species can react with the fluorophore leading to photobleaching and
short fluorescent observation times ( Figure ) The mechanism of photooxidation S-SO dyes
is well characterized (Figure . First triplet-triplet energy of the S-SO dye and 20, yields
the production of reactive electrophilic 1O5. Initial attack of 105 on the polymethine chain yields
a dioxetane. Subsequent cleavage of the dioxetane results in the formation of carbonyl groups.
Similar reaction pathways are believed to occur for other classes of organic fluorophores. Besides
photobleaching of the fluorophore, reactive oxygen species can react with (bio-)molecular targets
resulting destruction of the system of interest46-48,

Removal of oxygen

In aqueous buffer systems the triplet state lifetime can reach milliseconds causing distinct on/off
transitions in the fluorescence of a single molecule (Figure . However, the presence of
oxygen in saturated air solutions results in efficient triplet quenching reducing the lifetime down
to microseconds (rate ko,, Figure ) Typically, the triplet quenching rate of oxygen is close
to the diffusion limit, >10° s1#9 which significantly faster than the rate of formation of the
fluorophores radical states.

Despite being an efficient triplet-state quencher, oxygen and related reactive oxygen species
react with the fluorophore leading to photobleached products. To prolong the lifetime of or-
ganic fluorophores it is essential to remove oxygen. Enzymatic oxygen-scavenging systems
like a glucose-oxidase/catalase (GOC) combination or protocatechuic acid and protocatechuate-
3,4,dioxygenase (PCA/PCD) are most commonly used to remove oxygen®35951 |y enzymatic
oxygen-scavenging systems oxygen is consumed for the oxidation of the substrate (glucose or
3,4-protocatechuic acid, respectively). In a closed system the concentration of oxygen in aqueous
solutions can be reduced to micromolar concentrations®3, without possible replacement of O,
from the surroundings.

The removal of oxygen can lead to prolonged photobleaching times of the organic fluorophores
by removing the reactive oxygen species but at the same time it also results in an increased
lifetime of the triplet-state. As a result, the fluorescence of a single molecule shows pronounced
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on/off transitions with the off-times corresponding to the triplet-state lifetime (Figure [1.4]). To

account for the removal of oxygen with the joint increase in triplet-state lifetime, triplet state
quenchers are added¢23/r40b2704]

Triplet-state quenchers as solution additives and a reducing
oxidizing system (ROXS)

To efficiently remove the blinking of triplet-related dark states and prolong the fluorescence
photobleaching time, solution additives can be added that quench the triplet state2237-40652H54
Different quenching mechanisms are used to obtain ideal fluorescent time traces as depicted in
Figure [1.4k. The general idea is to replace molecular oxygen as the triplet state quencher with
a compound that do not generate chemically reactive species as a result of triplet quenching.

In the line of quenching the triplet and protecting the fluorophore from reactive oxygen
species 3-mercaptoethanol®3 (an antioxidant) was first used. Not long after other compounds
were empirically found to more efficiently quench the triplet state in the absence of oxygen or
protect the fluorophore from the generation of reactive oxygen species in the presence of oxygen,
for example S-mercaptoehylamine®®, L-glutathione®?5% n-propyl galate®?, ascorbic acid®258,
and 1,4-diazabicyclo[2,2,2]octane (DABCO)52.

Photoinduced electron transfer (PET) allows rational design of quenching via formation of
radical states (F~ and F'T) originating mostly from the triplet state (rate kr.q and ko, Figure
and Figure ) Via this method the triplet state lifetime gets efficiently
reduced. However, as mentioned both triplet and radical states are prone to reactions leading to
photobleaching (rate kp,. kp+ and kp=++). To reduce the lifetime of the radical states, a follow
up redox reaction needs to take place converting the fluorophore back to the singlet ground
stateB%40 Upon removing oxygen and adding a reducer and oxidizer a so-called reducing and
oxidizing system (ROXS) is created®?. Using ROXS, the triplet state of the fluorophore gets
quenched via a reduction (rate kp.q) or oxidation (rate ko), reaction yielding a radical cat- or
anion (F~ and F't, Figure [L.4{). Subsequent oxidation (rate ko,'), or reduction (rate kgeq’),
reaction, depending on the formed radical, brings the fluorophore back to the singlet ground
state. Using ROXS the lifetimes of the triplet and radical states are significantly reduced and
the photobleaching is less efficient (kp,. kpx and kp«x) due the to the rate of oxidation and
reduction that is larger than the rate of the pathways leading to the photobleached products.

The combination of ascorbic acid (AA) and methyl viologen (MV) has proven to work sys-
tematically in quenching the triplet state, and thereby efficiently competing with the rate of
photobleaching®?, for a variety of organic fluorophores. The addition of both the oxidizer (AA,
vs. SCE Eo = 0.06 VBL) and reducer (MV, vs. SCE Eo, = —0.45 VB2) will not result in a
ground state electron transfer reaction, as can be deduced from their redox potentials. However,
after photon absorption by the fluorophore leading to a transition into the S;, sufficient energy
is supplied to the system to allow for a redox cycle through the T; and radical ion states (F~
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Figure 1.4 | Schematic representation of the fluorescence with triplet- and redox-blinking under (a) oxygen sat-
urated buffer conditions, (b) de-oxygenated buffer conditions and (c) using a reducing and oxidizing system
(ROXS). (d) Jablonski diagram of organic fluorophores including radical states. Upon excitation to the singlet
excited state (S1), non-radiative (k;c) or radiative decay (kp) back the singlet ground state occurs (Sg). Occa-
sionally ISC (k7g() to the triplet state (T1) occurs. When oxidixing and reducing compounds are added, either
an oxidation (ko) or reducting (kgeq) of the triplet state occurs yielding either radical cation (F'T) or radical
anion (F~), respectively. A follow up reduction or oxidation of the radical states yields the molecule back in
the singlet ground state. Using ROXS the photobleaching pathways (kp,. kp+ and kpsxx) are suppressed.
(e) Examples of redox active compounds (Ascorbic acid, Methyl Viologen, Trolox and Trolox-quinone) that can
be added to reduce or oxidize the triplet state3%4052 (e) Examples of redox active compounds (Ascorbic acid,
Methyl Viologen, Trolox and Trolox-quinone) that can be added to reduce or oxidize the triplet state3940552]
Combinations of a reducer and oxidizer (indicated in the dashed boxes) complete the ROX system. (Continues

next page)
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Figure 1.4 | (Continued) (f) Examples of compounds that quench the triplet state via Dexter type energy transfer
mechanism (COT and Diphenylhexatrienenes)®3. (Figure adapted from Ha et al.2Z)

and FT) back to the Sy.

Using the Rehm-Weller equation®3 (Equation an approximation is made for the free
energy change when using ROXS. In Equation[I.I] E,x and E\eq are the first 1-electron oxidation
and reduction potentials of the donor and acceptor, respectively, Ey ( is the zero-zero energy, e
is the electron charge and C' is the Coulombic attraction energy which is neglected here due to
the high polarity of water.

AGCS = e[on - Ered] - EO,O + C (11)

In Table the the redox potentials for the dyes Cy5%4 and ATTO647NG3 (Figure
together with the free energy changes in each reaction step with either the reducer (MV) or
oxidizer (AA) are shown. From the free energy changes it is clear that for both Cy5 as ATTO647N
the reduction and oxidation reaction-steps from the T; are exothermic (negative free energy
change). This supports the theory of the ROX system that the T is quenched by a reducer and
oxidizer, here AA and MV respectively. To recover the singlet ground state (Sy) a follow-up redox
reaction with either of the radical ion states (F~ and F't) needs to take place. Comparison of
the reduction and oxidation potentials of the fluorophores with those of MV and AA, respectively,
will give an indication of the free energy change for this charge recombination (Table AGeq
and AGoy). As shown in Tableall the reaction steps show exothermic free energy changes,
thereby supporting the ROX system for quenching of the triplet-state and photostabilization via
charge seperated states (F~ and F'T).

Another well-known compound that works according to the ROXS mechanism is the vitamin
E-derivative Trolox (TX). Trolox, an antioxidant (reducer), degrades upon dissolving in aqueous
buffer solutions and form an oxidizing derivative called Trolox-quinone (TQ, oxidizer). In Table
the redox potentials and free energy changes for each redox reaction with Trolox (TX, vs.

| Dye ES, (V) BT, (V) Erea (V) Eox (V) AGreas (&) |
Cy5 1.88 1.60 -0.84 0.97 -0.98
ATTO647N 1.90 1.65 -0.64 1.11 -1.2
ATTO655 1.86 1.56 -0.42 1.31 -1.38
Dye  AGrea, 1 (V) AGocs (V) Al 1 (V) Alrea (&)  Alac(eV) |
Cy5 -0.7 -0.46 -0.18 -0.91 -0.39
ATTO647N -0.95 -0.34 -0.09 -1.05 -0.19
ATTO655 -1.08 -0.10 0.20 -1.25 0.03

Table 1.1 | Reduction and oxidation potentials for Cy5 and ATTO647N and corresponding free energy changes
upon redox reactions from the T; with ascorbic acid (AA, vs. SCE Eox = 0.06 V) and methyl viologen (MV, vs.
SCE Eyeq = —0.45 V). All redox potentials were obtained by cyclic voltammetry.
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| Dye Egy (V) Ego (V) Erea (V) Box (V) AGrea,s (&) |

Cy5 1.88 1.60 -0.84 0.97 -0.85
ATTO647N 1.90 1.65 -0.64 1.11 -1.07
’ Dye AGred, T (&V)  AGoy s (&V) AGey 7 (V)  AGrea (V)  AGeye (V) \
Cy5 -0.57 -0.41 to -0.83  -0.13 to -0.55 -0.78 -0.34 to -0.76
ATTO647N -0.82 -0.29 to -0.71  -0.04 to -0.46 -0.92 -0.14 to -0.56

Table 1.2 | Reduction and oxidation potentials for Cy5 and ATTO647N and corresponding free energy changes
upon redox reactions from the T; with Trolox (TX, vs. SCE Eox = 0.19 V) and Trolox Quinone (TQ, vs. SCE

Ercq = —0.08 to —0.50 V (estimated from structural similar quinones). All redox potentials were obtained by
cyclic voltammetry.

SCE E,« = 0.19 V) and Trolox-quinone (TQ, vs. SCE E,x = —0.08 to —0.50 V (deduced

)4050) are shown. From the values for the free energy

from structural similar quinone structures
changes it can be concluded that for Cy5 and ATTO647N Trolox and it's quinone derivative can
be used to efficiently quench the triplet and bring the fluorophore back to the singlet ground
state (Sp) via the radical ion states (F~ and F'T).

On the contrary, similar calculation for ATTO655, an oxazine dye with a high-lying reduction
potential (Table results in a positive free energy changes for oxidation and therefore a low
rate for populating the radical cation states of ATTO655. Additionally, the reduced states of
ATTO655 will not be efficiently depopulated by MV because of a calculated free energy change
of AGow = 0.03.

As a result, for special cases, i.e., with organic fluorophores known to have a low reduction
potential (oxazines (see Table for ATTO655) and perylenes) different concentrations of
reducer and oxidizer can be used to independently tune the on and off times of one single
emitter®. Changing the concentration of reducer at constant oxidant concentration the on time
of fluorescence can be adjusted independently since their reactivity is towards different states
of the fluorophore. Changing the concentration of oxidant at constant reducer concentration
the off time of the fluorescence can be adjusted. Consequently, at particular concentrations of
oxidant and reducer the fluorescent emission shows predefined on and off times making it useful
for stochastic readout super-resolution techniques, that is, the fluorescence of multiple emitters
is temporally separated.

Besides redox-active triplet state quenchers, other chemical compounds can be added to
deplete the triplet state via a triplet-triplet annihilation or Dexter energy transfer type mechanism
(Cyclooctatetraene (COT) and Diphenylhexatriene (DPH) (Figure ))Iﬂl Here, the electron
in the triplet state is transferred to the lowest unoccupied state (LUMO) of COT or DPH.
Back electron transfer from the highest occupied state (HOMO) of COT or DPH results in a
fluorophore in the singlet ground state.
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Figure 1.5 | Working principles of different methods for photostabilization of organic fluorophores. (a) Solution-

based healing using collisional quenching with photostabilizers provided at high concentrations in the imaging
buffer. (b) Self-healing using a single covalently attached photostabilizer, creating a high local concentration
resulting in collisions between the fluorophore-triplet and the photostabilizer

Intramolecular photostabilization: "self-healing*

ROXS and other triplet state quenchers are effective buffer additives to stabilize different organic
fluorophores (Figure and Figure ,f). The efficiency of triplet quenching depends on the
relative energy differences of the involved states of triplet state quenchers and fluorophore. In
most single molecule experiments the solution additives are added at millimolar concentrations
to enable sufficient number of collisions between photostabilizer and fluorophore. These con-
ditions are incompatible with live-cell imaging and various in vitro systems. Also systems were
collisions between fluorophore and photostabilizer are prohibited (Figure [L.Bh) is problematic.
In Green fluorescent protein (GFP) for example, where the chromophore is embedded within
the protein, the collision-based model of diffusion-based triplet state quenching may be less effi-
cient. Additionally, toxicity effect may play a role when redox active compounds react with the
(bio)molecular targets or other components of the system of interest.

Littke and co-workers introduced covalent binding of triplet-state quenchers and singlet-
oxygen scavengers to laser dyes in the 1980s as a strategy to prevent T-T absorption and
photodamage caused by singlet oxygen (Figure). Despite having only a single protecting
molecule attached to the laser-dye, the protecting mechanism can be repeated due to internal
relaxation back of the protecting agent back to the ground state. Such an approach circumvents
the previously mentioned disadvantages of diffusion based photostabilization.

In Figure[1.6]the laser dye POPOP and its photostabilizer-dye conjugates are shown. A triplet
state quenching molecule was linked to POPOP laser dyes to depopulate the triplet state, here a
trans-stilbenzine (2 and 3 in Figure ) and compared to the methylated POPOP laser dye (1
in Figure ) A short saturated hydrocarbon chain was used to separate the two systems to
make the electron transfer process efficient. Here it is believed that the energy transfer between
the laser-dye and covalently bound trans-stilbenzene works according to a Forster type energy
transfer mechanism. After the energy transfer the laser-dye is back in the ground state, where
the trans-stilbenzene will internally relax back to the ground-state after which the cycle can be

Intramolecular photostabilization: "self-healing” | 19
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Figure 1.6 | Chemical structures of intramolecular photostabilized POPOP laser dyes. (a) POPOP laser dye linked
to a trans-stilbenzine (2 and 3) to quench the triplet state®. (b) POPOP laser dye linked to tertiary amines (5
and 6) to diminish the reactivity of singlet-oxygenm. (Figure adapted from Liittke and co-Workers).

repeated. An increase in the photophysics (brightness and photostability) of up to 500% for the
photostabilizer-laser dye conjugates was observed.

To prevent photodamage caused by singlet oxygen the POPOP laser dye was equipped with
singlet-oxygen scavengers (5 and 6 in Figure E'. In Figure the different POPOP laser
dye derivatives with singlet oxygen scavengers are shown; here tertiary amines were used to
quench singlet oxygen®®. Amines are known to be reactive towards singlet oxygen. Here the
mechanism of deactivation of singlet oxygen is believed to occur via (radiationless) charge transfer
deactivation mechanism where initially a singlet complex of the quencher and oxygen molecules
is formed followed by transfer of electric charge to the oxygen molecule within the formed
compex. Subsequently, inter-system crossing to a triplet ground state complex occurs which
finally dissociates without charge-seperation to triplet-oxygen and the tertiary amine®#7273 ¢
is important to note that also a chemical reaction can occur between the tertiary amine and
singlet-oxgen after which the the laser-dye is no longer protected from singlet-oxygen. It was
observed that a ~50% decrease in photodamage could be obtained upon linking the laser-dye
to tertiary amines.

Such photostabilizer-dye conjugates with intramolecular triplet-state quenching and or scav-
enging of singlet oxygen have "self-healing" or "self-protecting" properties (Figure ) More
recently, Blanchard and co-workers”7 and us (Chapter6) revived the strategy set out by
Littke and coIIeagues to improve the photostability of organic fluorophores that are widely
used in single-molecule studies.

Blanchard and co-workers developed a method to improve the photophysics of cyanine dyes by
linking them to know photostabilizers such as COT, Trolox (Figure ,f) and nitrophenyl alco-
hol™7Z Bj-functional Cyanine dyes were used as a linker between the (bio)molecular target and
the triplet-state quencher (Figure[1.7p). It was shown that the photostabilizer-cyanine dye con-
structs reduced blinking and increased the photostability compared to the parent non-stabilized
dye (Figure [1.7p). The improved photostability of the class of cyanine dyes by Blanchard and
co-workers was, however, obtained under imaging conditions containing buffer additives (Fig-
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Figure 1.7 | Fluorophore scaffolding approach. (a) bis-reactive cyanine dye used to be linked to a photostabilizer
(COT, NBA or Trolox) and a biomolecular target. Additionally, the solution additives used by Blanchard and
co-workers are depicted. (b) Chemical structure (right) of a bis-reactive cyanine dye with in the dashed boxes
indicated the functional groups to which the biomolecular target is linked (green, N’-hydroxide Succinimide ester,
blue (Amide bond between the dye and TSQ). (c) Fluorescent time traces of the different photostabilizer-Cy5
derivatives attached to dsDNA. (Figure adapted from Blanchard and co—workerslﬂl).

ure ) known to influence and even improve the photostability (see Chapter [2®; PCA and
MEA (ant|OX|dant) were present in the imaging buffer and as explained above MEA is used to
quench the triplet state to suppress triplet-blinking. In these studies the effect of intramolecu-
lar photostabilization of the photostabilizer-dye conjugates were convoluted with diffusion-based
quenching.

Thesis Outline

At this stage the use of intramolecular photostabilization in modern fluorescence microscopy
was still of a "proof-of-principle” nature due to experimental problems and limitations of the
chemical synthesis route that was needed to transform an organic fluorophore into a self-healing
photostabilizer-conjugate. Hence, this represents the starting point of the work described in this
thesis.

Limited scaffolding options. Blanchard and co-workers used the fluorophore itself as the linker
between the (bio)molecular target and the photostabilizer which restricts the self-healing strategy
to bis-reactive dyes such as shown in Figure [[.7p. These bis-reactive dyes are, however, rarely
commercially available and only for a limited number of classes of organic fluorophores. As a
result improved photostability with photostabilizer-dye conjugates was only available with limited

number of fluorescent dyes.
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Missing mechanistic models for photostabilization. While Liittke and co-workers showed
successful intramolecular photostabilization, however, it was still unclear whether a single photo-
stabilizer can produce long-lasting and stable emission in single-molecule microscopy without the
help of solution-additives. Furthermore, the quantitative performance of inter- vs. intramolecular
photostabilization could not be evaluated from published studies due to use of buffer systems
which contained the diffusion-based photostabilizer MEA. Mechanistically, experiments even sug-
gested a distinct working mechanism of Trolox in inter- and intramolecular photostabilizationZ.
This work describes our progress in mechanistic understanding and new synthetic strategies
of photostabilizer-dye conjugates. The synthetic strategies developed here differ from the flu-
orophore scaffolding approach that Blanchard and co-workers™ 577 proposed by using either
the target (target scaffolding, Figure [1.8p) or photostabilizer (photostabilizer scaffolding, Figure
1.8b) as the linker between the fluorophore, photostabilizer and (bio-)molecular target (Figure
T3).

In the thesis we first report on the mechanism of intramolecular photostabilization in a direct
comparison to photostabilization with solution additives (Chapter . Studying the Cyanine
fluorophore Cy5 linked to a photostabilizer on dsDNA as the biomolecular target shows that a
proximal linked photostabilizer (Figure) quenches the triplet state resulting in a non-blinking
emission. Note, that no solution additives were added. The observed triplet state quenching is
similar to that of diffusion-based triplet-state quenchers such as Trolox, COT and an ascorbic
acid/methyl viologen (ROXS) mixture. The photostability, however, remains lower compared to
diffusion-based methods and additionally the heterogeneity of sample increased. Adding a mix-
ture of MEA/PCA results in single-molecule photoswitching instead of an increased photosta-
bility as was described by Blanchard and co-workers. This photoswitching of photostabilizer-dye
conjugates suggests the potential applicability in stochastic optical reconstruction microscopy
(STORM) microscopy.

Next, new photostabilizers were developed (Chapter) for intramolecular photostabilization
to be competitive with diffusion-based photostabilization. An intramolecular reducing oxidizing
system (iROXS) was designed, synthesized and tested for inter- and intramolecular photostabi-
lization. It was shown that iROXS as a solution additive has a similar photostabilization increase
compared to (solution) ROXS. Moreover, intramolecular photostabilization with iROXS is com-
petitive with (solution) ROXS.

To be able to test and eventually improve the photophysics of different classes of (commer-
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cially) available organic fluorophores a new method was developed making use of unnatural amino
acids (UUAs). The UUAs served as the photostabilizer that covalently linked the fluorophore and
(bio)molecular target (Chapter[d). Using the unnatural amino-acid scaffolding approach different
classes of organic fluorophores can be connected to different photostabilizers for intramolecular
photostabilization: "self-healing" fluorophores. Photostabilization was obtained for a variety of
classes of organic fluorophores using only NHS- or click chemistry. The fluorophores were used
to label biomolecules - DNA, proteins and antibodies - and used in single single-molecule mi-
croscopy (Chapter), single molecule Forster resonance energy transfer (smFRET) microscopy
(Chapter ) and super-resolution (STED) fluorescence microscopy (Chapter [5).

Combined single molecule experiments and molecular dynamic simulations were used to un-
derstand the dynamics and mechanism of intramolecular photostabilization (Chapter @E The
simulations suggest that the relative geometry between the fluorophore and the covalently linked
or proximal positioned photostabilizer is important to obtain a substantial photostabilization
effect. Additionally, it was found that the chemical nature of the photostabilizer is of lesser
importance compared to geometry and collision dynamics.

Finally, this work presents a discussion about ongoing and future perspectives in the di-
rections of intramolecular photostabilization. Speculations and preliminary results on how a
tandem of identical photostabilizers performs in intramolecular photostabilization and how in-
tramolecular photostabilization is most efficiently combined with diffusion-based photostabilizers.
Furthermore, a description will be given of how to improve the photophysics (brightness and pho-

tostability) of fluorescent proteins.
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